Extracellular concentrations of amino acids in halothane-anesthetized rats were measured using a mi crodialysis fiber inserted transversely through the dorsal spinal cord at the level of the lumbar enlargement in con junction with HPLC and ultraviolet detection. After a 2-h washout and a l-h control period, 20 min of reversible spinal cord ischemia was achieved by the inflation of a Fogarty F2 catheter passed through the femoral artery to the descending thoracic aorta. After 2 h of postischemic reperfusion, animals were transcardially perfused with saline followed by 10% formalin or 4% paraformalde hyde. The glutamate concentration in the dialysate was significantly elevated after 10 min of occlusion and re turned to near-baseline during the first 30 min of reperfu sion. Taurine was elevated significantly 0.5 h postocclu sion and continued to increase throughout the 2 h of reperfusion. Glycine concentrations showed a tendency to be slightly above baseline during the reperfusion pe riod. Glutamine concentrations modestly increased fol lowing 2 h of reperfusion. No significant changes in as partate, asparagine, and serine were detected. In control animals no significant changes in any amino acids were detected. To assess the role of complete spinal ischemia on spinal glutamate release, studies were carried out us ing cardiac arrest. Twenty minutes after induction of car diac arrest, the glutamate concentration was increased about 350-400%. In a separate group of animals, spinal
cord blood flow (SCBF) and its response to decreased CO2 were measured using a laser probe implanted into the epidural space at the level of the L2 vertebral segment. SCBF decreased to 5-6% of the control during aortic oc clusion. After reversible ischemia, marked hyperemia was seen for the first 15 min, followed by hypoperfusion at 60 min. Under control-preischemic conditions a de crease in arterial CO2 content caused a decrease in SCBF of about 25%. This autoregulatory response was almost completely absent when assessed 60 min after a 20-min interval of aortic occlusion. Histopathological analysis of spinal cord tissue from these animals demonstrated heavy neuronal argyrophilia affecting small and medium-sized neurons located predominantly in laminae III-V. These changes corresponded to signs of irreversible damage at the ultrastructural level. Occasionally, small areas of fo cal necrosis, located in the dorsolateral part of the dorsal horn and anterolateral part of the ventral horn, were found. The results are consistent with a role for glutamate in ischemically induced spinal cord damage and suggest that taurine elevation detected during the early reperfu sion period may serve as an important indicator of irre versible spinal cord neuronal damage. Key Words: Amino acid release-Aortic occlusion-Microdialysis Neuronal damage-Spinal cord blood flow-Spinal cord ischemia.
the femoral or tail artery into the aortic arch. In this model, ischemia-dependent neurological and histo pathological changes were described (Marsala and Yaksh, 1992) .
An important question relates to the mechanisms through which the neuronal changes and changes in spinal function are induced. It is appreciated in creasingly that a number of intervening pathobio chemical variables resulting from a critical reduc tion in spinal cord blood flow (SCBF) may be part of a cascade of events mediating various aspects of the developing picture of neuronal pathology. Among such postulated changes are the extracellu-lar accumulation of excitatory amino acids (EAAs), the resultant activation of various glutamate recep tors, and an increase in intracellular Ca 2 + (Roth man and Olney, 1987) . This leads to the activation of a number of Ca2+ -stimulated enzymes, including phospholipases, protein kinases, nitric oxide syn thase, proteases, and nucleases (Randall and Thayer, 1992) , that subsequently evoke the degen erative changes observed following the ischemic in sult. A time-dependent increase in the extracellular levels of glutamate in the brain has been shown to occur in the ischemic regions, during the period of vascular occlusion (Benveniste et aI. , 1984; Busto et aI. , 1989; Mitani and Kataoka, 1991) . There are at present considerably fewer data regarding the spi nal cord. Goodman and colleagues (Simpson et aI., 1990) have shown a significant increase in the con centrations of EAAs in spinal dialysate of the rabbit following ligation of the abdominal aorta. These studies showing EAA release provide convergent support for potential changes in N-methyl-o aspartate (NMDA) receptor activity.
In the present series of studies, we used spinal cord microdialysis in the well-defined rodent model of spinal ischemia to characterize the time dependent release of EAAs and inhibitory amino acids. In addition, SCBF and CO 2 responsivities were measured using a laser Doppler provider, pro viding continuous data on focal SCBF changes dur ing the ischemia and early reperfusion.
METHODS
Studies accomplished in this report were carried out according to a protocol approved by the Animal Subjects Committee of the University of California, San Diego.
Animal preparation
Male Sprague-Dawley rats (300-325 g) were anesthe tized in a Plexiglas box with 3% halothane in an 02/room air mixture (l: I). Following induction, rats were main tained with 1-1. 5% halothane delivered by an inhalation mask. Body temperature was monitored with a probe in serted 3. 5 cm into the rectum and maintained at 37°C with a heating pad. The tail artery was cannulated with a poly ethylene (PE)-50 catheter for monitoring distal blood pressure (DBP) and heart rate. End-tidal CO2, 02' and halothane were measured throughout the experiment in all animals.
EAA concentrations in the central gray matter were sampled using microdialysis (Skilling et al. , 1988; Sorkin et aI., 1988) . The Tl2-L l vertebrae were exposed by mid line incision and blunt dissection. Two small holes were then drilled on either side of the vertebra overlaying the L4-L6 spinal segments. A dialysis fiber with a mini dissection pin glued into its lumen was threaded through the holes, passing transversely through the dorsal gray matter. The pin was then removed and both ends of the fiber were passed through 3-cm lengths of PE-90 tubing that protected the fine dialysis fiber. The inner ends of both the left and the right PE-90 protective tubes were attached to the bone with dental cement (Fig. IB) . Fi nally, the incision was closed and the animal turned on its back, providing the optimal position for placement of a Fogarty catheter through the left femoral artery and for spinal cord temperature maintenance.
Dialysis probes were constructed from Cupraphan hol low fibers (l50-/-lm inner diameter, 9-kDa molecular weight cutoff). The fiber was coated with a thin layer of epoxy except for a 2-mm length. This permeable portion (active dialysis site) was positioned to encompass the base of both the right and the left dorsal horns. Artificial cerebrospinal fluid (ACSF) was pumped through the fiber at a rate of 5 /-lUmin. The ACSF contained (mM) 151. 1 Na+, 2. 6 K+, 0. 9 Mg 2 +, 1. 3 Ca 2 +, 122. 7 Cl-, 21.0 HC03, 2. 5 HP04 and 3. 5 dextrose. The ACSF was bub bled with 95% O2/5% CO2 before each experiment to ad just the final pH to 7.2. After a 2-h washout period the microdialysis samples were collected as follows: two baseline samples (30 min each) prior to ischemia, followed by three samples (6.6 min each) collected during 20 min of ischemia, and four consecutive postischemic samples (30 min each) for 2 h of reperfusion. Samples were collected on ice and frozen at -70°C until analysis.
During the end of the second control sample the left femoral artery was exposed and an F2 Fogarty catheter was passed through it to the thoracic aorta so that the tip of the catheter reached the level of the left subclavian artery. At the appropriate time, the catheter was inflated with 0.25 ml of air for 20 min (n = 7). The efficiency of the occlusion was evident by an immediate loss of any detectable pulse pressure and a drop in the DBP mea sured in the tail artery. At the end of the occlusion period, the catheter was deflated and removed. Reappearance and stabilization of the DBP were then continuously mon itored during 2 h or reperfusion, after which the animals were deeply anesthetized with 2 ml of barbiturate solution i. p. (390 mg pentobarbital sodium/m!) and transcardially perfused with saline, followed by 10% formalin or with 4% paraformaldehyde in 0. 1 M phosphate buffer (pH 7.4).
In control animals (n = 6), the experimental procedure described above was performed; however, the balloon catheter was not inflated.
In the cardiac arrest group (n = 6) an i. v. bolus of 2 ml of a barbiturate solution (390 mg pentobarbital sodium/ ml) was substituted for induction of ischemia, and only the baseline and complete ischemia samples were col lected.
Protective Tube
Laser Prohe 
SCBF measurement and CO2 responsivity
In a separate group of animals (n = 12), SCBF was measured with a laser probe (0.8 mm in diameter; Laser flo model BPM 403 A Blood Perfusion Monitor; TSI Inc., St. Paul, MN, U. S.A. ) implanted into the epidural space through a burr hole in the lateral aspect of the L2 verte bral body ( Fig. lA) . All animals were tracheotomized and mechanically ventilated. SCBF was then continuously monitored before, during, and for 2 h after 20 min of aortic occlusion using 5-s averaging cycles. To detect the SCBF responsivity, the arterial CO2 tension was de creased by hyperventilating the rat (respiratory rate, from 75 (control) � 140/min) for a period of 2 min. Before and at the end of the hyperventilation period, arterial blood samples were taken for blood gas analysis. After the con trol CO2-SCBF responsivity test was completed, a 10min stabilization period was enforced prior to any other manipulation. The same CO2-SCBF test was repeated 60 min after ischemia as well as at the equivalent time in control animals.
Amino acid assay
Dialysis samples were analyzed for glutamate, aspar tate, glycine, taurine, serine, asparagine, and glutamine. The analysis was accomplished by the use of the phenyl isothiocyanate derivatization procedure (Cohen and Stry dom, 1988 ) using a Waters HPLC with a reverse-phase C18 column (3.9 x 300 mm, 4-/J-m particle) and ultraviolet detector. Amino acid content was measured from single 25-/J-I aliquots. Methionine sulfone was added to each amino acid sample and used as an internal standard. The sensitivity was 5-10 pmol/injection. Basal concentrations of all amino acids were easily detectable. External stan dards containing 40, 400, and 4000 pmol of amino acids were run at the beginning and end of every set of samples. Amino acid peak heights were initially normalized to the methionine sulfone peak and then quantified based on a linear relationship between peak height and amounts of corresponding standards. All values are expressed as pi comoles per 25-/J-I tube. ACSF samples were routinely run to check for contaminants or interference.
Histopathology
Twenty-four hours after perfusion fixation, the spinal cords were removed and postfixed in the same fixative for at least 14 days. Frozen serial transverse sections (20 /J-m thick) were taken from the lumbar enlargement and im pregnated by the suppressive Nauta method. Ten repre sentative sections for each animal were selected and coded. Systematic reporting of the rostrocaudal! dorsoventral changes in spinal neuronal morphology has been published (Marsala and Yaksh, 1994) .
The presence of heavy argyrophilic neurons or tissue necrosis was judged individually for each of three re gions: Region I, Rexed's laminae I-VI; Region II, lami nae VII and X; and Region III, laminae VIII and IX (A motoneurons). The slides were scored according to the following criteria. For electron microscopy the spinal cords were post fixed in 1% buffered OS04; semithin sections were stained with toluidine blue and ultrathin sections were stained with uranyl acetate followed by lead citrate. We avoided using glutaraldehyde because of nonspecific mi tochondrial costaining in silver-impregnated sections (Gallyas et aI., 1980) . All suggestions for the fixation pro cess and handling of the material (Cammermeyer, 1978) were observed to eliminate artificial spinal cord trauma tization. Scores were tabulated and analysis done by an observer blinded to the experimental groups.
Statistics
Statistical analysis of biochemical results and neuro pathological scoring was carried out with two-way anal ysis of variance (ANOV A) followed by the Tukey Kramer test. Determination of statistically significant dif ferences versus the control concentration of amino acids in all groups was made using a paired t test. SCBF data are expressed as a percentage of control values. A p value <0.05 was considered significant. Data are expressed as mean ± SD.
RESULTS

Physiological variables
The mean DBP was 89 ± 9 mm Hg in all animals during the preischemic period (3-hr total). No sig nificant differences between groups were found. Immediately after the balloon inflation, the DBP dropped to close to 0 and remained essentially flat during the occlusion period. After balloon deflation, there was a rapid normalization of the DBP, reach ing preocclusion levels in 10 ± 4 min of reperfusion. End-tidal CO 2 decreased from a baseline of 4.7 ± 0.6 to 1.6 ± 0.5% during th� initial 2 min of aortic occlusion. A sharp increase in end-tidal CO 2 during the immediate postischemic period was detected, with gradual normalization during the initial 10 min of recirculation. The rectal temperature did not change (37 ± O.4°C) during ischemia or reperfusion. There were no differences between groups.
Biochemical analysis
Aortic occlusion animals. The mean glutamate concentration increased significantly, from a base line of 18 ± 4 to 46 ± 2 pmol/tube in the third ischemic sample and returned to baseline 60 min after reperfusion. At the end of 120 min of reperfu sion the concentration was 26.3 ± 16 (Table 1, Fig.  2A ). The mean taurine increased from a baseline of 28.2 ± 9 to 60 ± 22 pmol/tube in the first 30 min of reperfusion and to 72 ± 27 pmolltube in the I20-min reperfusion sample (Fig. 2B ). The mean glycine concentration increased from a preischemic value of 49.6 ± 20 to 67.2 ± 29 pmol/tube at 120 min of postischemia (Fig. 2C ). The basal aspartate concen tration was 6.5 ± 3 pmol/tube, with no significant differences during either ischemic or reperfusion periods. The glutamine concentration increased slightly, from a baseline of 197 ± 40 to 207 ± 26 pmolltube during the 90-to l20-min reperfusion. No significant changes in asparagme or senne were found. Control animals. No significant changes in any of the analyzed amino acids were found during the sampling period; baseline concentrations were com parable to those of the ischemic and cardiac arrest groups ( Fig. 2A -C, Table O .
Cardiac arrest animals. The mean glutamate con centration increased from a baseline of 17.3 ± 5 to 79 ± 17 pmolltube 20 min after the induction of cardiac arrest (Table 1) . SCBF and CO2 responsivity SCBF dropped from baseline (100%) to 6 ± 3% immediately after the balloon inflation �nd was 5.8 ± 3% at the end of 20 min of occlusion. After 15 min of reperfusion, SCBF overshot the baseline to 124. 1 ± 39% and, finally, after 60 min of reperfusion, de creased to a mean of 80.6 ± 14%.
During the control 2-min period of hyperventila tion, P aco2 decreased from 38.8 ± 1 to 26 ± 2 mm Hg. The MABP increased to 111.4 ± 12% of baseline fol lowing preischemic hyperventilation. No significant differences in hyperventilation evoked P aco2 or MABP changes were found between the preischemic and the postischemic hyperventilation epochs.
Under control conditions, 2 min of hyperventila tion induced a decrease in SCBF from baseline (100%) to 72.8 ± 9%. Postischemic hyperventilation following 60 min of reperfusion increased SCBF to 117.3 ± 37% (calculated from the postischemic baseline), which was significantly different com pared to the preischemic response. In control ani mals, no significant changes in SCBF and CO 2 re sponsivity were detected at any point. SCBF dropped to values below 1% of the control immedi ately after the induction of cardiac arrest.
Light microscopy
In 'the ischemic animals, histopathological analy sis at 2 h of reperfusion revealed a number of heavy argyrophilic neurons, localized predominantly in the dorsolateral part of the dorsal horn in lumbosac ral segments. Clear somatodendritic argyrophilia of small and medium-sized neurons in laminae III-VI was detected ( Figs. 3 and 4) . In some sections taken from the central part of the lumbar intumescence, frank damage was found. This was expressed as irregular necrotic foci with a number of argyrophilic neurons in the center of the necrosis, usually affect ing the lateral and central gray matter between lam ina III and lamina VII (Fig. 5 ). In the anterior horns, the majority of A-motoneurons showed a normal structure with a preserved nucleus and nucleolus, however, some cells localized close to the necrotic cavities were also shrunken or only small fragments of their disintegrated somata were found. In com parison, the small and medium-sized neurons local ized in the medial part of laminae V-VII retained a normal structure (Fig. 6 ). Statistical analysis re vealed significantly greater neuronal damage in the dorsal horns and in the intermediate zone compared to the A-motoneuron pool.
In control animals, histopathological changes caused by microdialysis fiber insertion were re stricted to the areas close to the probe and were characterized as microcapillary disruption with small (10-to 20-/-Lm) hemorrhagical foci. The neu rons surrounding the fiber, and that were spared of direct mechanical damage, showed a normal struc ture. Similarly no remarkable histopathological changes in neurons and neuropil were found at dis tances >40 /-Lm from the outer diameter of the mi crodialysis fiber.
Electron microscopy
In semithin sections prepared from the central part of the lumbar intumescence and stained with toluidine blue, a number of hyperchromatic neurons J Cereb Blood Flow Metab, Vol. 14, No.4, 1994 FIG. 3. Characteristic neuronal damage af fecting the neuronal pool in the superficial layers of the dorsal horn (laminae III-IV; ar row). In contrast to this finding, no detect able changes in lamina II (LlI; substantia gel atinosa) localized closely to the affected neu rons can be detected. Nauta impregnation method; Original magnification x4B. localized between lamina III and lamina VII were found. These had a distribution comparable to that of Nauta-impregnated neurons. Characteristic isch emia-induced neuronal changes were expressed as different degrees of stainability, ranging from fine hyperchromatosis to expressive staining and cell pyknosis.
Electro n microscopic analysis fully confirmed the findings based on the suppressive Nauta method and semithin sections, and a variety of neuronal changes was found, depending on the location in the spinal cord gray matter. Neurons localized in lam inae I-II and many A-motoneurons situated in the medial part of the anterior horn survived without any noticeable changes. The profiles of rough en- doplasmic reticulum beset with ribosomes and fully preserved mitochondria were readily identified in these neurons. However, a massive loosening of myelin lamellae was found irrespective of the lam inar location.
A more advanced stage of cytoplasmic disintegra tion was seen in neurons localized in the deep por tions of the dorsal horn and in the intermediate zone. Degranulation of endoplasmic reticulum and increased density of free ribosomes were seen in the cytoplasm, accompanied by light irregular vacuole formation with irregular outlines that resembled perineuronal astrocyte feet swelling. Concomi tantly, a disruption of mitochondrial cristae, chro matin clumping, and a more advanced myelin lamel lae derangement were noted. Neuronal somata identified in the initial phase of ischemia reoxygenation damage displayed a clearly dispersed FIG. 6. Group of normally appearing small and medium sized neurons in lamina V with clearly visualized nucleus and nucleolus. A number of darkly impregnated fibers localized in the peripheral zone from central necrosis can also be seen. Nauta impregnation method; original magnification x8D.
chromatin and dark condensed nucleoles, often ac companied by a variable number of dark perinucle olar accumulations. Therefore, distinctions be tween nucleus and cytoplasmic background were unclear; sometimes these two components were confluent. In the darkly stained cytoplasm the pro files of endoplasmic reticulum and Golgi complexes were hardly distinguishable except for a lighter pe ripheral cytoplasmic rim (Fig. 7) . Darkly stained so matic cells identified on semi thin sections were characterized by the massive occurrence of dark intracytoplasmic (and intradendritic) granules and fine filament masses forming large dark accumula tions in some cytoplasmic compartments. The iden tity of individual organelles was completely lost, but the cytoplasmic membrane persisted. Clear per ineuronal spaces ("halos") filled with swollen as trocyte feet and surviving boutons containing a number of darkly stained mitochondria were easily identified (Fig. 8) . It was noticed that, close to these characteristic deeply stained degenerating neurons, a fully preserved somatic cell with a distinct nucleus and nucleolus could still be found (see Fig. 8, inset) .
DISCUSSION
Permanent neurological deficit as a result of neu ronal damage following reversible brain and spinal cord ischemia is thought to be mediated in part by excessive EAA accumulation during the ischemic and early reperfusion period. Direct excitotoxic ef fects are thought to be mediated through excessive NMDA receptor activation leading to intracellular Ca 2 + overloading (Rothman and Olney, 1987; Ran dall and Thayer, 1992) . Although a number of re ports dealing with extracellular amino acids changes after global cerebral ischemia are available, experimental studies demonstrating comparable changes after reversible spinal cord ischemia are rare (Simpson et aI., 1990) . 
Amino acid changes during and after ischemia
Glutamate is believed to be the primary EAA transmitter of the spinal cord; it has been localized in a subpopulation of primary afferent fibers and in certain descending tracts (Fagg and Foster, 1983; Potashner and Dymczyk, 1986; Giuffrida and Rus tioni, 1989; Benson et aI. , 1991) . The significant el evation in glutamate concentration during ischemia is in agreement with a number of experimental stud ies in which irreversible postischemic neuronal damage has been postulated to be linked with NMDA receptor overstimulation (Benveniste et aI. , 1984; Rothman and Olney, 1987; Choi, 1990; Mitani and Kataoka, 1991) . Recent in vitro experiments have shown that glutamate-mediated neuronal dam age can be divided into three distinct phases: (a) an initial phase when the neuron is transiently exposed to an increased concentration of glutamate and the intracellular Ca 2 + increases to micromolar levels, followed by (b) a latent phase during which the in tracellular Ca 2 + recovers to basal levels and (c) a terminal phase characterized by a gradual rise in Ca 2 + in the intracellular space, which reaches a prolonged plateau. The last phase correlates signif icantly with cell death (Randall and Thayer, 1992) .
In the present study glutamate increased signifi cantly only after 10 min of occlusion. This finding, in accordance with SCBF data, suggests that aortic J Cereb Blood Flow Me/ab, Vol, 14, No, 4, 1994 occlusion in the rat leads to incomplete spinal cord ischemia and that a relatively prolonged occlusion time under these conditions is necessary to evoke anoxic neuronal depolarization followed by signifi cant glutamate release. This release, although sig nificant (150-200% of the preischemic control), is of a smaller magnitude than that reported in the hip pocampal CA l region, where glutamate increases 15-to 18-fold during global cerebral ischemia (Ben veniste et aI. , 1984; Mitani and Kataoka, 1991) . De spite the fact that spinal cord glutamate exhibited only modest increases during 20 min of ischemia (�1.5-to 2-fold), the histopathology in these ani mals sacrificed after only 2 h of reperfusion showed clear signs of irreversible neuronal damage. Hippo campal CA l neurons, in contrast, release massive quantities of glutamate during and immediately af ter an equivalent duration of global ischemia, yet irreversible neuronal changes as indicated by heavy neuronal argyrophilia, neuronal eosinophilia, or complete loss of neurons occurs only after 2-3 days of reperfusion (Crain et aI. , 1988; Mitani and Kataoka, 199 1) . Thus, it appears likely that in the spinal cord, additional factors may potentiate the development of neuronal death during the early reperfusion period. During the initial 30-60 min postischemia, glutamate usually returned to close to preischemic concentrations, presumably due to a reuptake system. However, this decrease in extra cellular glutamate concentration does not exclude the possibility that NMDA receptors remain acti vated. This "latent" activation may in turn evoke secondary Ca 2 + influx. Surprisingly, conditions of complete spinal cord ischemia as evoked by cardiac arrest evoked only a 350-400% increase in the pre arrest glutamate concentration. These data show that the total amount of glutamate released into the extracellular space under conditions of complete spinal cord ischemia is substantially lower than those seen in supraspinal structures under compa rable conditions. Importantly, in recent studies, it has been shown that the spinal delivery of exogenous NMDA en hances spinal glutamate release (Sorkin, 1993) . This provides a mechanism whereby a positive feedback circuit might induce and maintain increased NMDA and non-NMDA receptor activation.
Glycine is a potent spinal cord inhibitory trans mitter localized mostly in small dorsal horn neurons (Graham et aI. , 1967; Fagg and Foster, 1983; Todd et aI. , 1992) . The modest increases in glycine that we observed during reperfusion are in agreement with a number of studies in which transient cerebral ischemia evoked significant elevations of glycine during the postischemic recirculation period (Hag berg et aI., 1985; Baker et aI., 199 1) . Functional association of a nonstrychnine glycine-binding site has been shown for the NMDA receptor, serving to facilitate the agonist activation of the Ca 2 + iono phore (Kleckner and Dingledine, 1988; Kloog et aI. , 1990) . Such an affiliation has suggested a significant role for glycine in augmenting ischemically induced excitotoxicity (Johnson and Ascher, 1987) and has been proposed as a possible explanation for the glu tamate toxicity persisting during reflow despite the reduced extracellular glutamate levels (Baker et aI. , 199 1; Cantor et aI. , 1992) .
Taurine, a sulfonated amino acid with antinoci ceptive effects, inhibits behaviors evoked by intra thecal NMDA or kainic acid injection (Lombardini, 1976; Serrano et aI. , 1990; Hornfeldt et aI., 1992) . NMDA stimulates a significant release of endoge nous taurine in a Ca 2 + -dependent manner (Leh mann et aI., 1984) . It has been suggested that tau rine in turn inhibits the NMDA-induced Ca 2 + influx into the intracellular space, thus providing homeo static control under conditions of excessive excita tion such as during ischemia and the early postisch emic reperfusion period (Lehmann et aI., 1986) . However, exposure of hippocampal slices to only excitotoxic concentrations of NMDA, kainate, and quisqualate evokes a significant and prolonged ele vation of extracellular taurine (Magnusson et aI., 1990) . Within the spinal cord, infusion of substance P (1 mM) elicits release of glutamate and aspartate as well as taurine and glycine in the dorsal gray matter (Smull in et aI., 1990) . During development of peripheral inflammation, taurine increases in the extracellular space following release of glutamate and substance P (Sorkin et aI., 1992) .
In the present study, extracellular concentrations of taurine were significantly elevated after 30 min of reperfusion and peaked during the last reperfusion sample. Subsequent histopathological analysis re vealed a number of damaged neurons, mainly small and medium-sized interneurons localized predomi nantly in the dorsolateral part of the dorsal horn and anterolateral part of the anterior horn, correspond ing with signs of irreversible changes on the ultra structural level. Taken together, these results sup port the hypothesis that significant release of tau rine during the early reperfusion period can result from irreversible neuronal changes mediated in part by the NMDA receptor. The extracellular taurine level thus may serve as an important indicator re flecting the extent of neuronal damage and/or pro longed NMDA receptor activation.
The changes in glutamate concentration found in the present study are similar to those found in the rabbit (Simpson et aI., 1990) . In contrast to our re sults, taurine as well as glycine concentrations in the rabbit were elevated only during the ischemic period and returned to control during the first hour postocclusion. Although no explanation is at hand, anatomical differences in the spinal vasculature and resulting differences in the extent of ischemia be tween species as well as different microdialysis techniques could contribute to the discrepancy.
SCBF and CO2 responsivity
In the present study, a laser Doppler probe was used to measure regional SCBF. Although this tech nique provides only relative data on SCBF, cover ing approximately 1 mm3 of superficial spinal cord tissue, recent experiments show a significant corre lation of SCBF as measured by microsphere meth ods and by the laser Doppler technique (Lindsberg et aI., 1989) . After aortic occlusion, there was a sharp decrease in SCBF, with further slight de creases during occlusion. Elaboration of active fac tors known to be released during ischemia thus may progressively worsen the marginal flow, particu larly in the regions adjacent to the core ischemic area, i.e., laminae IV-VII. One of these factors may be the local release of prostanoids such as throm boxane B 2 (TXB 2 ), a potent vasoconstrictor and platelet aggregator in the cerebral and spinal vascu lature (Jacobs et aI., 1987) . Blocking of TXB 2 syn thesis has been found to increase regional cerebral blood flow in the ischemic penumbra in rat anQ to improve postischemic cerebral blood flow, CO 2 re sponsivity, and EEG recovery after global cerebral ischemia in cat (Stevens and Yaksh, 1988; Pettigrew et aI., 1989) . Another factor may be an increase in the extracellular concentration Of glutamate. Acti vation of NMDA receptors induces significant dila tation of brain vessels through neuronally derived nitric oxide (Faraci and Breese, 1993) . Inhibition of endothelium-derived nitric oxide synthesis causes cerebral vasoconstriction and a decrease in blood flow (Prado et aI., 1992) . The present study suggests that although increased nitric oxide synthesis may occur, there may be decreases in the regional SCBF, because of the substantially reduced spinal cord perfusion pressure during the period of occlu sion. Similarly, an accumulation of acidic CSF dur ing ischemia and resulting vasodilatation may lead to comparable hemodynamic effects (Wagerle and Mishra, 1988) .
Histopathological changes after ischemia
Neuropathological verification of ischemically in duced spinal cord neuronal damage is currently based on commonly used cellular staining (hema toxylin-eosin, toluidine blue, cresyl violet, or acid fuchsin), which appears to be suitable for the detec tion of advanced neuronal damage expressed as shrunken, angUlar, or acidophilic neurons. Such changes are detectable several hours or days after ischemia and reflect the state of dying or already dead cells. Recent studies show that silver impn:g nation techniques provide the ability to visualize immediate postischemic neuronal changes ex pressed as heavy somatodendritic argyrophilia. These changes reflect early premorbid neuronal changes leading to later neuronal loss. Small and medium-sized neurons in dog and rabbit spinal cord are highly sensitive to reversible ischemia-this method indicates a clear development of somato dendritic argyrophilia after 30 min of reperfusion (Marsala et aI., 199 1, 1992) . Consistent with these reports, selective interneuronal argyrophilia in rat spinal cord was found in the present study.
In our previous behavioral study using the same spinal cord ischemic model, typical signs of hyper sensitivity as evoked by pinch of the lower paw were fully developed during the first 45-120 min of reperfusion, corresponding in time with the produc tion of selective irreversible neuronal damage found in the present study. Excitotoxic-mediated inter neuronal damage preferentially affecting inhibitory interneurons is clinically manifested, at least in part, as a spastic paralysis and fully developed hy persensitivity. We recently found that intrathecal mJection of baclofen, a -y-aminobutyric acidB (GABAB) receptor agonist, effectively blocks the hypersensitivity generated by spinal cord ischemia, suggesting preferential damage of GABAergic neu rons during the immediate postocclusion period (Marsala et aI., 1993) . Similar therapeutic effects after systemic baclofen administration have been reported to suppress hypersensitivity induced by focal spinal cord ischemia (Hao et aI. , 1992) .
In summary, we examined the effect of reversible spinal cord ischemia on extracellular amino acid re lease, SCBF, and early histopathological changes in rat. Glutamate was significantly elevated 10 min af ter aortic occlusion, corresponding with the state of incomplete spinal cord ischemia as measured by the laser Doppler technique. Probably as a result of ex citotoxic-induced neuronal damage, the taurine concentration was significantly elevated during the entire reperfusion period. Histopathological analy sis revealed selective neuronal damage affecting small and medium-sized neurons, possibly GABAergic interneurons, localized predominantly in laminae III-VI, corresponding with the signs of irreversible neuronal damage on an ultrastructural level. These results suggest that the measurement of extracellular levels of amino acids may provide insights into mechanisms and into correlation with function. Thus, in subsequent experiments, phar macological and physiological manipulations that alter neuronal transmitter release can be compared with the effects of these manipUlations on time dependent changes in spinal histopathology and function.
